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In response to DNA damage, cells activate
checkpoint signaling cascades to control cell-
cycle progression and elicit DNA repair in order
to maintain genomic integrity. The sensing and
repair of lesions is critical for Bacillus subtilis
cells entering the developmental process of
sporulation as damaged DNA may prevent the
cells from completing spore morphogenesis.
We report the identification of the protein DisA
(DNA integrity scanning protein, annotated
YacK), which is required to delay the initiation
of sporulation in response to chromosomal
damage. DisA is a nonspecific DNA binding
protein that forms a single focus, which moves
rapidly within the bacterial cell, pausing at sites
of DNA damage. We propose that the DisA fo-
cus scans along the chromosomes searching
for lesions. Upon encountering a lesion, DisA
delays entry into sporulation until the damage
is repaired.
INTRODUCTION
The Gram-positive soil bacterium Bacillus subtilis can un-
dergo a complex developmental process that culminates
in the formation of a dormant cell type called the spore.
Upon entry into sporulation, B. subtilis replicates its chro-
mosome and remodels the daughter chromosomes into
an elongated axial filament structure. Subsequently, an
asymmetrically positioned (polar) septum is formed that
divides the developing cell (sporangium) into progeny of
unequal size, referred to as the forespore (the small com-
partment) and the mother cell. The forespore ultimately
becomes the spore, whereas the mother cell nurtures the
developing spore until it is discarded by lysis once mor-
phogenesis is complete (Piggot and Losick, 2001; Erring-
ton, 2003; Piggot and Hilbert, 2004). This morphologicalprocess is a powerful system for studying mechanisms
that control cell division and development.
The differentiation of vegetative cells into spores is initi-
ated by integrating a wide range of environmental and
physiological signals. These signals are channeled into
a multicomponent phosphorelay that is responsible for
the phosphorylation of a key transcriptional regulatory
protein, Spo0A. Spo0A, amember of the response regula-
tor family of two-component regulatory systems, obtains
its phosphate from at least three histidine protein kinases
that transfer phosphate to the relay protein Spo0F, then
to Spo0B, and finally to Spo0A. This regulatory hierarchy
provides multiple targets for controlling a gradual initiation
of sporulation (Sonenshein, 2000; Perego andHoch, 2001;
Piggot and Hilbert 2004). The phosphorylated form of
Spo0A directly controls the expression of more than 120
genes (Molle et al., 2003), including genes that are involved
in remodeling the sister chromosomes into an axial fila-
ment structure (Pogliano et al., 2002; Ben-Yehuda et al.,
2003), genes that are required for the formation of the polar
septum (Levin and Losick, 1996; Ben-Yehuda and Losick,
2002), and genes that encode key developmental regula-
tors (Piggot and Losick, 2001; Errington, 2003; Piggot
and Hilbert, 2004).
One of the important physiological requirements for en-
try into sporulation is the presence of an intact replicated
chromosome. Conditions or mutations that result in dis-
ruption of DNA replication, defects in chromosome parti-
tioning, or damagedDNA can delay sporulation at the level
of Spo0A activation (Ireton and Grossman, 1992; Ireton
et al., 1993; Lemon et al., 2000; Burkholder et al., 2001;
Shafikhani et al., 2004). The best-studied example is the
coupling between the initiation of sporulation and DNA
replication that was found to be mediated by the sda
gene. sda is activated upon a block in DNA replication
and encodes a small protein that binds to and inhibits the
activity of KinA, a histidine kinase that lies at the top of
the phosphorelay involved in the activation of Spo0A.
Thus, Sda is part of a checkpoint that ensures faithful rep-
lication of the chromosomes before entry into the develop-
mental program of sporulation (Burkholder et al., 2001;
Rowland et al., 2004).Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc. 679
Evidence exists for an analogous checkpoint to monitor
and maintain genomic integrity. In the presence of DNA
damaging agents,B. subtilis fails to initiate sporulation (Ire-
ton and Grossman, 1994); thus sporulating cells must
somehow sense and repair DNA damage in order to ac-
complish faithful generationof the twocell types.However,
the mechanism underlying this DNA-damage checkpoint
is not well understood. Here we describe the identification
of DisA (for DNA integrity scanning protein, annotated
YacK), which is involved in monitoring genomic integrity
at the onset of sporulation. In the absence of DisA, cells
enter sporulation even in the presence of chromosomal le-
sions, resulting in fewer viable spores comparedwith wild-
type cells. We provide evidence that DisA molecules are
organized into focal assemblies that move dynamically
within bacterial cells, scanning the DNA for the presence
of lesions. When damage is encountered, DisA pauses at
the lesion site and induces a cellular response that culmi-
nates in a temporary block in sporulation. We propose
that DisA prevents cells from entering spore morphogene-
sis under conditions in which they cannot successfully
form mature spores and, hence, may perish trying.
RESULTS
DisA Participates in a DNA-Damage Checkpoint
That Is Active at the Onset of Sporulation
DisA was discovered in a search for proteins that interact
with RacA, which is produced at the onset of sporulation
and is involved in axial filament formation and asymmetric
division (Ben-Yehuda et al., 2003) (see Experimental Pro-
cedures). However, we observed that axial filament for-
mation and polar division were unperturbed in a strain
(YA5) harboring a disA null mutation, indicating that disA
is not involved in executing these processes. These ob-
servations prompted us to consider other roles for DisA.
disA is the last gene in an operon that contains six genes
involved in protein degradation, competence, andDNA re-
pair (Kruger et al., 1996).We found that deletion of the disA
gene has no detectable effect on cell division, sporulation,
competence, or response of vegetative cells to DNA dam-
age (data not shown). Next, we examined whether DisA
is involved in responding to DNA damage during sporula-
tion. Wild-type and DisA mutant cells were treated with
different concentrations of nalidixic acid (nalidixic acid tar-
gets DNA gyrase and therefore causes DNA damage) at
the onset of sporulation, and spore formationwas assayed
by heat resistance. In untreated cultures, the resulting
number of heat-resistant, colony-forming units (spores)
was similar to that of the wild-type. In contrast, in the pres-
ence of nalidixic acid, the number of spores produced by
the mutant was significantly lower than that of the wild-
type (Figure 1A). Similar results were observed when the
cells were exposed to the DNA-damaging agent Mitomy-
cin C (MMC) (Figure S1A).
To visualize the developmental progression of the nali-
dixic acid-treated cells, we monitored sporulation by fluo-
rescence microscopy. In comparison to untreated cells,680 Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc.treated cells of both the wild-type and the DisA mutant
were delayed in their entry into sporulation, as judged by
reduced numbers of asymmetric septa 2.5 hr after treat-
ment (Figures 1B and 1C). However, by 3.5 hr after treat-
ment, a significant percentage (15%) of the mutant cells
had entered sporulation, whereas less than 2% of the
wild-type cells had undergone asymmetric division (Fig-
ures 1B and 1C). This phenotype was observed over
a range of concentrations of nalidixic acid or when the
cells were exposed to MMC (Figures 1C and S1, respec-
tively). Thus, although DisA mutant cells are less efficient
in producing mature spores, they are able to enter sporu-
lation earlier than wild-type cells in the presence of DNA
damage.
We also examined the expression of early sporulation
genes (spoIIE and racA), which are synthesized prior to
asymmetric division under the control of the transcription
factor Spo0A (York et al., 1992; Ben-Yehuda et al., 2003).
Wild-type and DisA mutant cells harboring spoIIE-lacZ or
PracA-lacZ reporter fusions were induced to sporulate in
the presence or absence of nalidixic acid, and b-galacto-
sidase activity was monitored (Figures 2A–2D). In the ab-
sence of nalidixic acid, Spo0A activity was indistinguish-
able between the wild-type and the mutant cells (Figures
2A and 2B). The addition of nalidixic acid greatly reduced
Spo0A activity in both the wild-type and the mutant cells.
Importantly, in agreement with our cytological analysis, in
DisA mutant cells b-galactosidase activity was observed
earlier and reached higher levels in comparison to the
wild-type cells (Figures 2C and 2D). Similar results were
obtained when the production of SpoIIE-GFP and RacA-
GFP fusions was examined by fluorescence microscopy
(Figure S2 and data not shown). Thus, we concluded
that DisA is required, at least in part, to inhibit Spo0A
activity when DNA is damaged.
The Spo0A transcription factor is activated by phos-
phorylation and obtains its phosphate by a phosphorelay
consisting of histidine kinases (KinA, B, and C) and the
phosphotransfer proteins Spo0F and Spo0B (see Intro-
duction). To investigate whether DisA acts by modulating
the phosphorylation state of Spo0A, we introduced an
allele of spo0A (rvtA11) that bypasses the requirement
for the normal phosphorylation pathway (Sharrock et al.,
1984; LeDeaux and Grossman, 1995) into wild-type and
DisA mutant backgrounds. Spo0A activity was monitored
by the use of spoIIE-lacZ or PracA-lacZ reporters in the
presenceorabsenceofnalidixicacid.Asshown inFigure2,
cells harboring the altered form of Spo0A were much less
sensitive to the presence of nalidixic acid and produced
b-galactosidase at levels that were almost comparable to
those seen in untreated cells (Figures 2E and 2F). More-
over, under these conditions, no significant difference
was observed between the wild-type and the DisA mutant
cells. These results indicate that DisA delays sporulation
by affecting the phosphorylation state of Spo0A.
Taken together, our findings are consistent with the idea
that DisA participates in a DNA-damage checkpoint that
is active prior to asymmetric division and delays Spo0A
Figure 1. DisA Induces a DNA-Damage
Checkpoint Response
(A) Strains were induced to sporulate in DS
sporulation medium for 24 hr. The percentage
of sporulation was determined as the ratio of
heat resistant colony-forming units to the total
colony-forming units. The percentage of sporu-
lation in the presence of nalidixic acid was nor-
malized to that of untreated cultures. Nalidixic
acid was added at hr 0 of sporulation at the in-
dicated concentrations. IPTG (Isopropyl-b-D-
thiogalactopyranoside) was added at hr 0 of
sporulation at a final concentration of 0.5 mM.
(B) Fluorescence microscopy images of cells
from strains PY79 (wild-type) (images 1–3)
and YA5 (DdisA::tet) (images 10–30); without na-
lidixic acid at hr 2.5 of sporulation (images 1
and 10); and with 500 mg/ml nalidixic acid at hr
2.5 (images 2 and 20) and at hr 4.5 (images 3
and 30 ) of sporulation. The cells were treated
with the membrane stain FM1-43. Scale bar
corresponds to 1 mm.
(C) Quantitation analysis of representative
experiments with PY79 (wild-type) and YA5
(DdisA::tet) sporulating cells as visualized by
fluorescence microscopy. Left: Various con-
centrations of nalidixic acid were added at hr
0 of sporulation, and the cells were visualized
at hr 2.5. Right: time-course analysis of cells
undergoing sporulation in the absence (*) or
presence of 500 mg/ml nalidixic acid. At least
600 cells were counted for each time point.activation. The absence of this checkpoint in the presence
of DNA damage leads to premature entry into sporulation
and consequently to impaired sporulation. In keeping withthis model, overproduction of DisA was found to reduce
polar division and to decrease sporulation efficiency (Fig-
ure 1A and data not shown).Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc. 681
Figure 2. DisA Affects Spo0A Activation in the Presence of DNA Damage
(A–D) b-galactosidase activity assay from wild-type (black) and DdisA::tet (gray) strains harboring the spoIIE–lacZ-cat (A and C) or the amyE::
PracA-lacZ-cat (B and D) reporters. Note the different scales of b-galactosidase activity in the four panels.
(A and B) Untreated cells.
(C and D) Nalidixic acid-treated cells. Nalidixic acid (350 mg/ml) was added at hr 0 of sporulation.
(E and F) b-galactosidase activity assay from strains harboring the rvtA11 allele with (black) or without (gray) the disA gene in the presence (*) or
absence of nalidixic acid (350 mg/ml). Nalidixic acid was added at hr 0 of sporulation.
(E) Strains bearing the spoIIE–lacZ-cat reporter.
(F) Strains bearing the amyE::PracA-lacZ-cat reporter.
Samples were taken at the indicated time points (hours) after suspension in sporulation medium, and b-galactosidase activity was calculated in Miller
units.DisA Forms a Highly Dynamic Focus at the Onset
of Sporulation
To investigate the subcellular localization of the check-
point protein, we constructed a strain (MB3) harboring
a disA-gfp gene fusion in place of the wild-type gene.
Growth and sporulation of MB3 were indistinguishable
from that of the wild-type. Importantly, the DisA-GFP pro-
tein was fully functional because sporulating MB3 cells
were as sensitive to nalidixic acid as were wild-type cells
(Figure 1A). DisA-GFP was seen as a single discrete glob-682 Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc.ular focus that colocalized with the bulk of the DNA in cells
that were induced to sporulate. This localization pattern
was apparent both before and after the formation of the
polar septum (Figure 3A). To examine whether these
DisA-GFP foci reflect the proper localization of the endog-
enous protein, we carried out immunofluorescence mi-
croscopy using antibodies to DisA on cells producing
unmodified wild-type DisA. The immunostaining pattern
closely resembled that observed with DisA-GFP (Fig-
ure 3B). We observed little or no immunostaining in the
Figure 3. DisA Forms Foci upon Entry to Sporulation
(A) Shows FM4-64-stained cells (red) from a DisA-GFP-producing strain (MB3). DisA-GFP (green) is seen as foci. Shown are MB3 cells at hr 0 (left
image), hr 1 (middle image), and hr 2 (right image) of sporulation.
(B) Phase contrast (red, left), immunofluorescence staining (green, middle), and overlay (right) images of sporangia from a wild-type strain (PY79) that
had been collected and fixed at hr 1.5 of sporulation. The cells were treated with anti-DisA antibodies. Scale bars correspond to 1 mm.
(C) Shows the % of MB3 cells displaying DisA-GFP fluorescence foci during sporulation as well as the corresponding total fluorescence values
(arbitrary units).
(D) Immunoblot analysis with polyclonal anti-DisA antibodies that was carried out with extracts fromwild-type cells (PY79) collected at hr 0, 1, 2, and 3
of sporulation. An extract prepared from aDisAmutant strain (YA5) at hr 2 of sporulation was used as a control. 0.5 mg of purified DisA-His6 was loaded
as a size marker. A nonspecific band was used as a loading control (lower panel).DisAmutant control (data not shown). Thus, DisA localizes
as a discrete focus at the onset of sporulation.
The number of cells exhibiting a DisA-GFP focus in-
creased dramatically after suspension in sporulation me-
dium (Figures 3Aand3C).More specifically, 5%of the cells
displayed a DisA-GFP focus at time 0. As early as 1 hr after
suspension, 33% of the cells exhibited a focus, and 46%
had a focus at hr 2. The increase in the number of cells har-
boring a DisA-GFP focus correlated with a total increase in
fluorescence intensity as well as with an elevation in wild-
type DisA protein levels (Figures 3C and 3D, respectively)
and therefore reflected induced production of DisA. This
observation prompted us to investigate whether DisA syn-
thesis is dependent on Spo0A, the master transcriptional
regulator for entry into sporulation. Our experiments indi-
cate that induction of disA expression upon initiation of
sporulation was not dependent on this regulator (data not
shown). Similar results were obtained in the absence of
sigma H, an additional transcription factor that is required
to initiate sporulation (Piggot and Losick, 2001). In addi-
tion, we observed an increase in the number of cells ex-
pressing DisA-GFP at a high cell density in a rich medium
(data not shown). Thus, it seems likely that disA is induced
by non-sporulation-specific regulatory proteins at the end
of the exponential growth phase and, as shown above,
acts upstream of Spo0A and modulates its activity. Inter-estingly, another gene in the disA operon, clpC, encodes
a protease subunit that degrades an antisporulation tran-
scription factor early in development (Pan et al., 2001),
suggesting that the entire operon is involved in early
sporulation events.
To study the movement of DisA-GFP foci, we analyzed
the fusion protein by time-lapse microscopy. Sporulating
MB3 cells were applied to an agarose pad on a glass slide
and photographed at 200–400 msec intervals. We ob-
served that the foci are remarkably dynamic, rapidly tra-
versing the entire cell in a few seconds (Figures 4A and
4B; Movies S1, S2, and S5). Single-particle tracking anal-
ysis revealed that the average focus speed was 0.22 mm/
sec at room temperature (Figure S3). Importantly, this un-
usual movement was abolished when the cells were fixed
with formaldehyde (Movie S6). Moreover, when the cells
were treated with the ATPase inhibitor sodium azide, the
DisA-GFP foci were immediately stalled, implying that
DisA mobility is energy dependent (Movies S7A and S7B).
A closer investigation of the time-lapse microscopy
movies revealed that when two daughter cells were sepa-
rated by a yet incomplete septum (as indicated by the
membrane staining), the focus was able to cross from
one compartment to the other, both during medial and
polar divisions (Figures 4C and 4D; Movies S3 and S4).
This observation led us to infer that when the septum isCell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc. 683
Figure 4. DisA Forms Highly Dynamic Foci
(A–D) The dynamic localization of DisA-GFP foci is demonstrated by time-lapse microscopy from individual cells of the DisA-GFP-producing strain
(MB3) before (A and C) and after (B and D) polar division. Cells were stained with FM4-64 (red) and DAPI (blue) and photographed at 200–400 msec
intervals. Selected images were chosen for demonstration. The corresponding movies are displayed in the supplemental data (Movies S1–S4). Scale
bars correspond to 1 mm.sealed upon completion of division, the DisA-GFP focus
becomes trapped in one of the two compartments. Con-
sequently, DisA becomes distributed unequally upon divi-
sion between the two daughter cells. Consistent with this
notion, only one particle is usually observed per sporan-
gium after polar division, and it is chiefly found in the larger
mother cell compartment.
DisA Focus Movement Depends on Chromosome
Integrity
We reasoned that if the role of DisA is to monitor for DNA
damage, DisA movement might be affected by DNA le-
sions. To test this possibility, we visualized DisA-GFP
movement in the presence of nalidixic acid. Indeed, we
found that the majority of the DisA-GFP foci were no lon-
ger moving and were stationary at various positions within
the cells (Movie S8). Similar results were obtained when
the cells were treated with MMC (see below). These data
suggest that the movement of the DisA focus ceases in
the presence of DNA lesions. These DNA-damaging
agents produce multiple lesions that may result indirectly
in stalled DisA-GFP foci. To obtain stronger evidence for
a direct connection between chromosomal integrity and
DisA-GFP foci movement, we constructed a DisA-GFP-
producing strain in which we could induce a site-specific684 Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc.double strand break. This was achieved by generating
DisA-GFP strains that produced the yeast homothallic
switching endonuclease (HO) (Haber, 1998) under an in-
ducible promoter, with and without the HO recognition
sequence (YA41 and YA57, respectively). The recognition
sequence was inserted close to the origin of replication
that is located in the vicinity of the cell pole at the onset
of sporulation (Webb et al., 1997). The inducer was added
upon suspension in sporulation medium, and the localiza-
tion pattern of DisA-GFP was examined 1.5 hr after induc-
tion. In the absence of the recognition site (YA57), DisA-
GFP foci were highly mobile and moved in a similar man-
ner to the foci in untreated cells (data not shown). In con-
trast, in the presence of the HO recognition site (YA41), the
movement of DisA-GFP was abolished in the majority of
cells (86%) upon induction of the endonuclease (Figure 5A;
Movie S9). However, unlike the randompositions of stalled
DisA-GFP foci observed in MB3 cells treated with DNA-
damaging agents, in YA41 cells the stalled DisA-GFP foci
appeared to be localized at a particular site on the chromo-
some close to the cell pole, presumably at theHO-induced
break site. In support of this idea,when theHOcut-sitewas
inserted at a distinct chromosomal location near the termi-
nus region, the foci position was altered and they were
stalled mostly at the mid-cell position in between the two
Figure 5. DisA Focus Pauses at Sites of
DNA Lesion
(A and B) Time-lapse microscopy images (200–
400 msec intervals) from DisA-GFP-producing
strains stained with FM4-64 (red) and DAPI
(blue). DisA-GFP (green) is seen as foci. Scale
bars correspond to 1 mm.
(A) YA41 (disA-gfp-spc, amyE::HOcut-site-cat,
thrC::PspacHOendo-erm) cells at hr 1.5 of sporu-
lation after induction of the HO endonuclease
(0.5 mM IPTG was added at hr 0). See corre-
sponding movie (Movie S9).
(B) YA60 (disA-gfp-kan, ctpA::HOcut-site-spc,
thrC::PspacHOendo-erm) cells at hr 1.5 of sporu-
lation after the induction of the HO endonucle-
ase (0.5 mM IPTG was added at hr 0).
(C–F) YA41 (disA-gfp-spc, amyE:: HOcut-site-
cat, thrC::PspacHOendo-erm) (C and D) and
YA38 cells (disA-gfp-spc, amyE::HOcut-site-
cat) (E and F) were induced to sporulate in the
presence of 0.5 mM IPTG. At hr 1.5 of sporula-
tion, the cells were fixed and subjected to FISH
analysis (see Experimental Procedures). Red
fluorescence foci represent the amyE region
adjacent to the DNA break site. The cells
were then subjected to immunofluorescence
staining using an anti-GFP monoclonal anti-
body to visualize the subcellular localization
of the DisA foci (green). Also shown are over-
lays of signals from FISH and immunofluores-
cence with or without phase contrast images
(blue). Scale bars correspond to 1 mm. At least
400 foci were scored for each strain in two in-
dependent experiments.
(G) Cells from strains YA36 (amyE::HOcut-site-cat) (lanes 1 and 1
0), YA51 (amyE::HOcut-site-cat, thrC::PspacHOendo-erm) (lanes 2 and 20), and YA52
(DdisA::tet, amyE::HOcut-site-cat, thrC::PspacHOendo-erm) (lanes 3 and 3
0) were induced to sporulate in the presence of 0.5 mM IPTG. At hr 1.5, cells
were fixed with 3.7% formaldehyde and subjected to ChIP analysis (see Experimental Procedures). The DNA recovered from the ChIP was used as
a template for quantitative PCR reactions. The PCR products were resolved on a 12% polyacrylamide gel. The gel was stained using SYBRgreen I
Nucleic acid gel stain (Molecular Probes) and visualized with Image Master VDS-CL (Amersham). MetaMorph software was used to quantitate band
intensities. Shown are PCR fragments amplified from two different chromosomal loci: amyE locus (lanes 1–4), which is adjacent to the HO-induced
DNA break site, and the unrelated racA locus (lanes 10–40). Total chromosomal DNA (the DNA before immunoprecipitation) from YA51 was used as
a positive control for the PCR reactions (lanes 4 and 40). To account for differences in loading or the variations in amplification with different primer
sets, enrichment factor was normalized as: (band intensity of the amyE IP) / (band intensity of the racA IP). The enrichment factors for YA36 and YA51
were 0.47 and 7.46, respectively.chromosomal copies where the terminus is generally lo-
cated (Webb et al., 1997) (Figure 5B).
To independently examine whether the DisA focus is
recruited to the site of DNA damage, we carried out fluo-
rescence in situ hybridization (FISH) to visualize the DNA
break site concomitantly with immunofluorescence mi-
croscopy to localize the DisA focus (see Experimental
Procedures). Sporulating cells producing the HO endonu-
clease (YA41) were fixed and hybridized with a fluorescent
probe corresponding to a 15kb region adjacent to the HO
cut-site. The chromosomal region appeared as a distinct
fluorescent focus with one or two foci per cell (examples
are shown in Figures 5C–5F). These cells were then sub-
jected to immunofluorescence microscopy to localize
the DisA focus. In 66.7% of the cells bearing a DisA focus,
the focus clearly colocalized with the DNA break site
(examples are shown in Figures 5C and 5D). By compari-
son, only 12.1% of the DisA foci colocalized with the HOcleavage site in a control strain that did not produce the
HO endonuclease (examples are shown in Figures 5E
and 5F).
In a complementary approach, we used Chromatin Im-
munoprecipitation (ChIP) to determine whether DisA re-
sides in close proximity to the DNA break site. Extracts
were prepared from sporulating cells (either producing
or not producing the HO endonuclease) that had been
treated with formaldehyde, which cross links proteins to
DNA. DisA-DNA complexes were then immunoprecipated
using anti-DisA antibodies, and the DNA from the immu-
noprecipitation was recovered and used as a template
for quantitative PCR reactions. Consistent with the idea
that DisA scans along the chromosome, in the absence
of the HO endonuclease (and therefore in the absence of
DNA lesions) (YA36), we obtained efficient precipitation
of all chromosomal locations examined (Figure 5G and
data not shown). As a control, very little signal wasCell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc. 685
Figure 6. DNA Is Not Required for DisA
Focus Movement
(A and B) Time-lapse microscopy images (200–
400 msec intervals) from DisA-GFP-producing
strains stained with FM4-64 (red) and DAPI
(blue). DisA-GFP (green) is seen as foci. White
arrows point to DisA-GFP foci colocalized
with DNA, and purple arrows indicate DisA-
GFP foci in DNA-free cellular regions. Scale
bars correspond to 1 mm.
(A) MB3 (disA-gfp-spc) cells treated with MMC
(25 ng/ml) and visualized at hr 1.5 of sporula-
tion. See corresponding movie (Movie S10).
(B) MB15 (disA-gfp-spc, spoIIAC::kan) cells at
hr 3 of sporulation. See corresponding movie
(Movie S11).
(C–E) Single-particle tracking analyses of DisA-
GFP foci in individual cells (MetaMorph, Uni-
versal Imaging).
(C) Untreated MB3 cells at hr 1.5 of sporulation.
(D) MB3 cells treated with MMC (as in A) at hr
1.5 of sporulation.
(E) MB15 cells at hr 3 of sporulation. At least
200 foci were examined for each analysis.
Foci that colocalized with the DNA and foci in
DNA-free regions are shown in black and gray
bars, correspondingly.detected when the ChIP procedure was carried out with
sporulating cells from a DisA mutant (YA52) (Figure 5G
and data not shown). When the ChIP procedure was per-
formed with cells producing the HO endonuclease (YA51),
preferential binding by DisA was clearly observed at the
lesion site (an enrichment factor of 7.46 in YA51 in com-
parison with an enrichment factor of 0.47 in YA36; Fig-
ure 5G), consistent with our cytological experiments.
In summary, the evidence indicates that DisA interacts
with DNA and rapidly scans along the chromosomes dur-
ing sporulationand that its rapidmotion isabrogatedby the
presence of DNA lesions. In support of our proposal, se-
quence analysis of DisA predicts a putative Helix-hairpin-
Helix (HhH) DNA binding domain at its C terminus (Doherty
et al., 1996). Moreover, gel retardation experiments using
purified recombinant DisA showed that DisA binds DNA
with a moderate affinity (approximate Kd: 108 M) and
with no apparent sequence specificity (Figure S4).686 Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc.DNA Is Not Required for DisA Focus Movement
Our data suggest that DisA tracks along the DNA. To de-
termine whether DisA-GFPmovement requires DNA, cells
were needed that lack DNA but still harbor DisA-GFP foci.
Such cells are formed in response to MMC treatment,
which perturbs DNA segregation and leads to a high fre-
quency of anucleate cells and elongated cells, where the
DNA occupies only a portion of the cell. We examined
DisA-GFP foci in sporulating cells treated with MMC and
found that the foci were readily detected both on the
DNA and in DNA-free parts of the cells (Figure 6A). Al-
though DisA-GFP foci that colocalized with DNA were
stalled, DisA-GFP foci located in parts lacking DNA were
capable of moving rapidly (Figures 6A, 6C, and 6D; Movie
S10). Another system that allows us to examine DNA-free
cells is mutant sporangia that form bipolar septa due to
a mutation in the sporulation gene spoIIAC (Piggot and
Losick, 2001). In such a ‘‘disporic’’ mutant, each forespore
compartment receives a chromosome, whereas the
mother cell remains anucleate. We observed that the
DNA-free mother cell frequently contained DisA-GFP foci
in sporulating spoIIACmutant cells.Moreover, themajority
of these foci were highly dynamic within the empty com-
partment (Figure 6B; Movie S11). Single-particle tracking
analysis indicates that foci movement within the DNA-
free compartment is in general more rapid than foci move-
ment in the presence of DNA (Figure 6E). Importantly, the
rapid movement of the foci observed in the absence of
the DNA in these two DNA-free systems was energy de-
pendent as it was abolished by treating the cells with so-
dium azide (Figure S5 and data not shown). The simplest
interpretation of our experiments is that DNA is not
required for DisA focus movement, but the presence of
DNA (and even more so damaged DNA) attenuates focus
motion, probably due to DisA DNA scanning activity.
The Cytoskeletal Proteins MreB and Mbl Are Not
Required for DisA Focus Motion
Since DNA influences but is not necessary for DisA move-
ment, it is likely that there are other cellular structures that
facilitate DisA motion. A good candidate is the cytoskele-
ton, so we examined DisA-GFP movement in the absence
of the two known cytoskeletal proteins, namely MreB and
Mbl. Both proteins are required for maintaining cell shape
in B. subtilis and were shown to form filamentous helical
structures that lie close to the cell surface (Jones et al.,
2001). Deletion ofmbl did not have any measurable effect
on the movement of DisA foci (Movie S12). In the case of
MreB, since it is essential for B. subtilis we could only
deplete themreB gene product (Jones et al., 2001). Under
the depleted conditions, a significant fraction of cells lost
their rod shape but nevertheless maintained DisA-GFP
focus movement (Movie S13). Thus, these experiments
indicate that these cytoskeletal proteins do not influence
significantly DisA focus motion.
DISCUSSION
We propose the following model for the DNA-damage
checkpoint response that is mediated by DisA. Upon
sensing sporulation conditions, DisA expression level
increases. After reaching a critical cellular concentration,
DisA molecules gather to form a globular structure that
moves rapidly over the chromosome searching for le-
sions. The rapid movement of this large complex enables
DisA to quickly scan many chromosomal sequences. The
nonspecific DNA binding activity of DisA is responsible for
its ability to scan through the chromosome rapidly. Once
a lesion is present on the DNA, either the lesion itself or
the associated repair proteins act as a physical blockage
that perturbs DisA complex mobility and causes its arrest
at the lesion site. This stalled DisA triggers a cellular re-
sponse that culminates in a temporary block to initiating
sporulation. The arrest is relieved when the DNA is re-
paired or by other as yet to be identified signals.Surveillance systems that respond to chromosomal
damage by shutting down cell-cycle and developmental
processes have been well characterized in eukaryotic
cells (Weinert and Hartwell, 1988; Li and Zou, 2005; Lisby
and Rothstein, 2005), but little is known about analogous
checkpoint mechanisms in prokaryotes. Here we show
that in DisA mutant cells the expression of early sporula-
tion genes and the formation of the polar septum are par-
tially uncoupled to the DNA-damage response, implying
that DisA helps to stall sporulation when DNA is damaged.
DisA is expressed at an early stage of sporulation, affects
the expression of Spo0A regulated genes, and presum-
ably acts through regulating the Spo0A phosphorylation
state as occurs in the Sda pathway (Burkholder et al.,
2001). It is possible that DisA acts upstream of Sda, but
our preliminary experiments suggest that disA and sda
act in parallel genetic pathways (data not shown). More-
over, previous evidence supports the view that sporulating
cells sense DNA replication and DNA damage by different
mechanisms (Ireton and Grossman, 1994). It is also clear
from our data that sporulating cells still respond to DNA
damage, even in the absence of DisA, suggesting that
there may be parallel DNA-damage checkpoint pathways
that operate in a DisA independent manner and are acti-
vated at the onset of sporulation.
Many questions concerning themechanism of DisAmo-
tion and the proposed signaling remain unanswered and
will be the subject of further study. We do not understand
how the DisA complex traces DNA or how its path is deter-
mined. It is tempting to speculate that DisA moves on
tracks that are analogous to the eukaryotic cytoskeleton.
The energy source that we demonstrated to be required
for DisAmovement remains to be identified. It seems likely
that a nucleotide binding protein interacts with DisA to
provide the driving force for the scanning complex. It is
notable that the neighboring gene in the disA operon en-
codes a protein that contains an ATP binding domain
(radA). However, in preliminary studies where DisA-GFP
was synthesized from an ectopic chromosomal site, we
found that deletion of radA had no significant effect on
DisA mobility. It also remains elusive whether DisA is
part of a large ‘‘scanosome’’ complex or if it is the sole
constituent of the DNA-scanning foci. It is possible that
many different complexes that scan the DNA for lesions
exist and that each has a separate role.
The discovery that DisA focus pauses at sites of the
DNA damage raises the question as to whether DisA rec-
ognizes the lesion itself, an intermediate repair process-
ing product, or the associated repair proteins. According
to our data, the formation of a double strand break stalls
the DisA focus movement, and we assume that this
pausing induces the DisA-checkpoint. However, prelimi-
nary data in our laboratory suggest that lesions caused
by UV irradiation (or by a drug that mimics UV irradiation)
do not activate the DisA-checkpoint efficiently, suggest-
ing that the nature of the lesion (or its associated pro-
teins) may determine the type of the checkpoint cellular
response.Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc. 687
Aggregationof repair andDNA-damagecheckpoint pro-
teins into cytological foci at the damage site have been
previously described for eukaryotes and prokaryotes
(Bishop, 1994; Haaf et al., 1995; Smith et al., 2001; Lisby
et al., 2003; Kidane et al., 2004; Lisby et al., 2004; Kidane
and Graumann, 2005). The advantage of forming foci
with high protein concentration may be the formation of a
microenvironment that enhances some biochemical repair
processes. The existence of a DisA focus prior to damage
detection, as observed here, maymake its action more ef-
fective asmany DisAmolecules reach at once to the site of
the lesion. It has been proposed that the colocalization of
checkpoint and repair proteins at repair centers in eukary-
otes allows for coordination of cell-cycle progression with
repair status (Lisby et al., 2004). It seems likely that a similar
situation exists at the onset of development in B. subtilis.
Homologs to DisA exist in all Bacilli species sequenced
to date as well as in other spore-forming bacteria such
as Clostridia and Streptomyces, supporting our model
that DisA has an important checkpoint role in sporulation.
However,DisAhomologs canalsobe found in someGram-
positive nonsporulating bacteria. This suggests that cer-
tain DisA homologs may have a vegetative role that could
be relevant to a wide range of organisms, perhaps medi-
ated by the ubiquitous HhH DNA binding domain and
coil-coiled motif of DisA. Our proposed model for the
checkpoint function of DisA is reminiscent of the situation
in eukaryotes where DNA-damage checkpoint proteins
have been localized to repair centers (Lisby et al., 2004).
Thus, it is tempting to speculate that preexisting com-
plexes of proteins that scan DNA and search for lesions
are a cellular feature that has been conserved throughout
evolution.
EXPERIMENTAL PROCEDURES
Strains
B. subtilis strains were derivatives of the wild-type strain PY79 (Young-
man et al., 1984) (except for MB44) and are listed in Table S1. Plasmid
constructions are described in Supplemental Data.
General Methods
Growth and sporulation were carried out at 32ºC. Cells were grown in
hydrolyzed casein (CH) growth medium. The cultures were inoculated
at an OD600 of 0.05 from an overnight culture in the same medium.
Sporulation was induced by transferring cells growing in CH medium
to the resuspension medium of Sterlini and Mandelstam (Sterlini and
Mandelstam, 1969; Harwood and Cutting, 1990). b-galactosidase
activity assay was performed as described by Harwood and Cutting
(1990). For induction of the Phyper-spanc-disA and Pspac-HO fusions,
the final IPTG concentration was 0.5 mM. Immunoblot analysis was
carried out as described by Sambrook et al. (1989). Protein detection
was performed using Peroxidase conjugated anti-rabbit antibody
(Jackson ImmunoResearch) and EZ-ECL kit (Biological Industries,
Beit Haemek, Israel) according to the manufacturer’s instructions. Ad-
ditional general methods were carried out as described previously
(Ben-Yehuda and Losick, 2002).
Identification of DisA
We previously discovered that the process of axial filament formation
is mediated by the sporulation-induced protein RacA (Ben-Yehuda688 Cell 125, 679–690, May 19, 2006 ª2006 Elsevier Inc.et al., 2003). In an attempt to discover novel proteins that act in concert
with RacA, we carried out a two-hybrid screen using RacA as bait. We
identified DisA (annotated YacK) as a potential RacA-interacting pro-
tein. Similarly to RacA, DisA has a predicted DNA binding domain
and a putative coil-coiled motif. However, in cells harboring a null mu-
tation in disA, the formation of the axial filament was unperturbed and
the localization pattern of RacA was unaffected. Although the proteins
seem to interact in vitro (yeast two-hybrid, far western), additional ge-
netic studies failed to reveal a significant connection between RacA
and DisA in vivo.
Fluorescence Microscopy
Fluorescence microscopy was carried out as previously described
(Ben-Yehuda and Losick, 2002). For time-lapse microscopy observa-
tions, a chamber slide (VWR Scientific) filled with sporulation medium
containing 1% agarose was used. Samples (0.5 ml) of culture were
removed, centrifuged briefly, and resuspended in 10 ml of PBS 3 1
(Phosphate-Buffered Saline) supplemented with the membrane stain
FM4-64 (Molecular Probes, Eugene, OR) at 1 mg/ml and the DNA stain
4,6-Diamidino-2-phenylindole (DAPI) (Sigma) at 2 mg/ml. Importantly,
DisA movement was not affected by the presence of DAPI (Figure S3;
Movies S14A and 14B). Cells were visualized and photographed using
Axioplan2 microscope (Zeiss) equipped with CoolSnap HQ camera
(Photometrics, Roper Scientific). Systemcontrol and image processing
were performed using MetaMorph 6.2r4 software (Universal Imaging).
Immunofluorescence Microscopy
Immunofluorescence microscopy was carried out as previously de-
scribed (Ben-Yehuda and Losick, 2002). The blocking solution con-
tained 10% of an extract from a disA null strain. Rabbit anti-DisA anti-
bodies were used at 1:5000 dilution, and FITC secondary antibodies
(Jackson ImmunoResearch) were used at 1:200 dilution.
Fluorescence In Situ Hybridization
FISH probe was generated by PCR amplification of ten different frag-
ments (about 1.5 kb each), which correspond to a 15-kb region adja-
cent to the HO cut-site located at the amyE locus. The primers that
were used for the PCR reactions are listed in Table S2. The PCR frag-
mentswere fluorescently labeled using tetramethylrhodamine-5-dUTP
(Roche) according to themanufacturer’s instructions. The labeled PCR
fragments were mixed and used in the FISH procedure. FISH followed
by immunofluorescence microscopy is described in Supplemental
Data.
Chromatin Immunoprecipitation
Chromatin IPwas performed as previously described (Strahl-Bolsinger
et al., 1997; Ben-Yehuda et al., 2003). Polyclonal anti-DisA antibodies
from rabbit (Sigma) were produced against purified DisA-His6. 1/5 ml of
the DNA from the immunoprecipitation was used for each reaction,
and 1/5,000 ml of the ‘‘total DNA’’ was used for comparison reactions.
Twenty-two to twenty-five amplification cycles were performed, and
the PCR products were resolved on 12% polyacrylamide gels (TBE
3 0.5). The gels were stained using SYBRgreen I Nucleic acid gel stain
(Molecular Probes) and visualized with Image Master VDS-CL (Amer-
sham). The band intensities were determined using MetaMorph 6.2r4
software (Universal Imaging). The primers that were used for the PCR
reactions are listed in Table S2.
Total Fluorescence Measurements
Sporulating cells carrying DisA-GFP were induced to sporulate in re-
suspension medium. At different time points, 200 ml samples were
placed in a 96-well culture plates (Nunc), and the fluorescence value
of each sample was measured using a fluorescence reader (FLOUstar
Galaxy, bmg).
DisA purification and Electrophoretic Mobility Shift Assay (EMSA)
methods are described in Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include five figures, two tables, Experimental Pro-
cedures, References, and fourteen movies and can be found with this
article online at http://www.cell.com/cgi/content/full/125/4/679/DC1/.
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